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Stable binding int~r~~tion~ among subunits of the 
~~~uro~~~~t ATP synthase (CF,-C&J as examined by saiid 
support (nitroeelluIose)-subunit 
recoastitution-immunoblotting 
Karl-Heinz siiss 
-l-be technique fenned did ~~pa~~sub~ reconsfifufion~imm~abIot~~~ has been applied to excuse 
&able binding interactions a~~~~~ rermtured subunits of the ~h~o~~~l~s~ ATP synthase. ~e~onst~tn~o~ f 
the CF, subunits c(, @and r and subunit 111 of CF, with thylakoid membrane polypeptides eparated el~tro- 
pholreticaIly and transferred to nitroeellulose filters folIowed by immuaodetection of hybrid subunit corn- 
plexes revealed interactions between a-8, cr-CF,,-I, a-CFO-II, a-6, j&y, ,&X0-II, B-E, /I-CF,-III, r-CF,-11, y-s, 
y-CF,-III, CF,-III-E. Thus, the data confirm results on neighbour relationships of ATP synthase subunits 
obtained by cross-linking and suggest hat the method employed is paarally applicable to examine pro@&- 
protein binding interactions. 
Though the structure and functiom of I-I’-ATP 
syrrthases (Fl-Fo) have been studied extensively 
[l-3], the mechanism of W-driven ATP synthesis 
remains to be defined because of the lack af precise 
i~f~~rn~ti~n about the structure, ~~~~~~ernent and 
i~t~~a~ti~~s of subunits wit&& aBd ~rn~~~ the en- 
zyme portion FE and ~*-~r~~~~~~~~~~ postion FQ. 
How4mh, ebkM&n 0Z the primary structure of 
s~b~~~~ and ~l~pt~de s~o~d~~ structure 
predictions [4,5J together with bi~~b~mical nd 
bophysical observations have brought about ideas 
on thr; possible organization of components in 
t,bese multimeric proteins. It is now generally ac- 
ccrpted that FI proteins contain W&V@ subunits. 
The Q and 8 palypeptides are most likdy arranged 
aItern&tely around the central y subunit [&,7], The 
precise loc&tkion of the 6 and f subunits remains to 
be determined, The topology and neigbbour rela- 
tionships of the 3 types of subunits belonging to 
the membrane-integrated FO portion of the: E c&i 
ATP synthase (subunits a-c) and CIQ af the 
chloroplast enzyme complex @ubunits I-III) kave 
been ~r~~~ from the primary svuctmz of t&z 
~rn~~~ts @,gj and ~r~s-Iin~mg e~~~~~~ 
[9-f If _ ~or~~v~r, cross-linking expe~me~t~ in- 
dicate that Fx-Fo binding in E. toii is mainly due to 
BFo-b and &IQa subunit interactions [9Jl whereas 
in the chloroplast ATP synthase subunits &2Fo-II, 
P-CFo-I, @42P0-11 and y-CFO-II were fauvrd to in- 
teract directly. 
To examine further stable binding interactions 
among chlaraplast ATP symhase subunits using 
an ind~~~~~~~t method, the technique of solid 
suppo~-s~b~~t r~o~~tution-lmmunobl~t~i~~ 
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has been developed and employed in this study. 
The present version of this method is based on the 
presumption that SDS-polypeptide complexes non- 
covalently bound to nitrocellulose filters or in solu- 
tion may be renatured at least partially upon 
removal of the detergent, thereafter again possess- 
ing binding sites for neighbouring components of 
the intact protein complex. Thus, reconstitution of 
a soluble polypeptide with proteins from the same 
source bound to the nitrocellulose filter induces the 
formation of hybrid subunit complexes which can 
be detected by labeling with antibodies directed 
against the reconstituted component and 1251- 
protein A. This approach is thought to be generally 
applicable to investigate binding interactions 
among proteins and between proteins and other 
compounds such as lipids, nucleic acids and 
metabolites. 
2. MATERIALS AND METHODS 
Chloroplast thylakoid membranes from Viei@ 
faba plants 1121 and ATP synthase ([13] method 2) 
were prepared as described. ATP synthase 
preparations and thylakoid membranes were 
dissolved in 50 mM Na borate, pH 8.0, 4% SDS, 
8 M urea and 5 mM dithiothreitol (DTT) and 
separated electrophoretically on 8- 18% polyacryl- 
amide gradient gel slabs containing 5 M urea as in 
[14]. The ATP synthase subunit zones on pre- 
parative gels were stained with 0.2% Coomassie 
blue G-250 in 60% ethanol, dissected and the pro- 
teins electroeluted in the presence of 0.1% SDS in- 
to no more than 5 ml Na borate, pH 8.0, con- 
taining 1 mM DTT. Subunits ty, ,& and y were 
precipitated by the addition of ice-cold ethanol and 
collected by centrifugation at 6000 x g for 10 min. 
The pellets were then washed with absolute ethanol 
containing 1 mM 2-mercaptoethanol until they ap- 
peared colorless and were dissolved to 1 mg pro- 
tein/ml in 50 mM Tris-HCl, pH 8.0, 0.9% NaCl, 
1 mM DTT and 0.05% Tween 20. Insoluble 
material was removed by centrifugation at 10000 x 
g for ? min. Subunit CFO-III (proteolipid) was 
isolated from ATP synthase immunoprecipitates 
[14] and dissolved in the same buffer. 
For subunit reconstitution, thylakoid polypep- 
tides were separated electrophoretic~ly taking the 
whole breadth of a gel slab and afterwards elec- 
trotransferred onto a nitrocellulose filter (15 x 
170 
13 cm) as in [ 131. The efficiency of protein transfer 
was checked by staining a small filter strip with 
0.2% amido black in methanol/acetic acid/water 
(40: 10: 40, by vol.) and destaining with the same 
solution without dye. The nitrocellulose filter was 
washed twice in an excess of 60% ethanol prior to 
incubation for 3 h at 4°C in 50 mM Tris-HCl, pH 
8.0,0.9% NaCl, 1 mM DTT and 0.05% Tween 20. 
Tween 20 instead of bovine serum albumin was 
used to saturate free nitro groups of the cellulose 
filter. The nitrocellulose filter was cut into 4 mm 
wide strips which were incubated separately for 1 h 
at 4°C with 0.1-0.5 mg subunit CY, 8, y or CFo-III 
in 5 ml of the buffer mentioned above containing 
additionally 5 mM MgClz and 5 mg bovine serum 
albumin. The strips were washed 3 times for 1 h 
with 10 ml of the same buffer without subunit pro- 
tein following reconstitution. Immunoblotting 
with subunit-specific antisera and ?-protein A 
was done as in [13]. 
3. RESULTS AND DISCUSSION 
An a~~ompan~ng communication describes the 
analysis of chemically cross-linked, neighbouring 
subunits of the soluble chloroplast ATP synthase 
[ 111. Since subunits of the enzyme complex may be 
inaccessible to cross-linkers either due to the 
absence of reactive amino acid residues on the 
solvent-exposed domains or because they are 
covered by other subunits, it is advisable to ex- 
amine subunit interactions by additional indepen- 
dent methods. Subunit reconstitution has been ap- 
plied successfully for this aim (review [lSJ). 
However, although subunit reconstitution ex- 
periments have demonstrated the minimum 
subunit composition of Fl exhibiting ATPase ac- 
tivity and revealed subunits involved in FI-Fo 
binding [lS], the number of stable binding interac- 
tions of a defined subunit within an oligomeric 
complex of reconstituted proteins cannot be deter- 
mined by this approach. To circumvent this 
problem, we suggest he technique of solid sup- 
port-subunit reconstitution-immunoblotting. The 
present version of this method is based on the 
presumption that remova of detergent molecules 
from polypeptides eparated ele~trophoretically on 
SDS gels and transferred onto nitrocellulose filters 
or into buffer induces at least a partial renatura- 
tion of the secondary and tertiary structure of 
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components which then again possess binding sites 
for neighbouring subunits of the intact oligomeric 
protein. Thus, incubation of an intact-like subunit 
with proteins from the same source separated elec- 
trophoretically according to their apparent M, 
values and bound to nitrocellulose filters is ex- 
pected to induce the formation of at best as much 
hybrid subunit complexes as stable subunit-subunit 
interactions do exist in vivo. The subunit com- 
plexes formed can be detected by labeling with an- 
tibodies against the reconstituted protein and 1251- 
protein A and binding proteins being identified 
simultaneously by their M, values. 
To obtain additional information on subunit 
binding interactions of the chloroplast ATP syn- 
thase, the present echnique has been employed us- 
ing the renatured subunits LY, ,8 and y of CFi and 
subunit III of the CFo (proteolipid) which were 
reconstituted separately with chloroplast thylakoid 
polypeptides resolved on SDS-urea gels and elec- 
trotransferred onto nitrocellulose filters prior to 
detergent removal. To ensure optimal subunit 
reconstitution and to minimize nonspecific 
binding, reconstitution was carried out in the 
presence of MgClz and bovine serum albumin. The 
subunit complexes formed on the nitrocellulose 
filters were labeled with subunit-specific antibodies 
and ‘251-protein A and visualized by autoradio- 
graphy (fig. 1). Despite nonspecific binding of anti- 
bodies against the cy, /3 and y subunits to the 
26 kDa subunit of the light-harvesting Chl a/b- 
protein complex and polypeptides of 32 and 
23 kDa as well as components of >59 kDa, this 
method allowed detection of binding interactions 
among subunits m-8, a-CFo-I, cu-CFo-II, (Y-E, 8-y, 
,&CFo-II, P-6, P-CFo-III, y-CFo-II, y-6, y-CFo-III, 
CFO-III-P, CFO-III-y and CFO-111-e. Thus, these 
results confirm, at least in part, the data obtained 
by subunit cross-linking of the soluble chloroplast 
ATP synthase 1111. The findings further support 
the notion that the a and fi components may in- 
teract directly with subunits I and II of the CFo 
portion but only subunit ,8 was found to form a 
stable complex with CFO-III. Evidence for a bin- 
ding interaction between subunit (Y and/or p and 
Fo-c of the E. coli ATP synthase has also been ob- 
tained [la]. Of particular importance is the finding 
that subunits y and E possess binding sites for 
CFo-III, suggesting that these components may 
form a common structural complex. This would 
Fig. 1. Reconstitution f the isolated subunits LY, /3, y and 
III from the chloroplast ATP synthase with thylakoid 
membrane polypeptides bound to nitrocellulose filters. 
Thylakoid polypeptides (TP) were separated 
electrophoretically on SDS-urea gel, electrotransferred 
onto a nitrocellulose filter and washed as described in
section 2. The filter was cut into equivalent strips which 
were incubated separately with or without one of the 
subunits mentioned above as described in section 2. 
Hybrid subunit complexes were labeled with antisera 
against subunits (Y (anti-), ,6 (anti-p), y (anti-r) and III 
(anti-III) and subunit-antibody aggregates detected with 
“‘I-protein A and autoradiography as in [13]. 
explain the observations that, in the intact ATP 
synthase, f and CFO-III can be cross-linked with 
imidoesters [l l] and that dissociation of 6 and 
CFO-III from the membrane-bound enzyme com- 
plex is caused by proteolytic digestion of the y 
subunit into two peptides [17]. 
Remarkably, under the conditions employed no 
binding interactions between CFO-III and other 
CFO subunits could be detected. It is conceivable, 
however, that the formation of subunit complexes 
containing CFO components requires the presence 
of lipids prior to or during subunit reconstitution. 
Although the present results demonstrate the 
feasibility of solid support-subunit reconstitution- 
immunoblotting as an approach to examine 
subunit binding interactions, the method has the 
disadvantages that: (i) optimal conditions for 
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subunit renaturation and reconstitution have to be 
determined; (ii) extensive washing of the 
nitrocellulose filters following reconstitution might 
disrupt hybrid subunit complexes; and (iii) 
dissociation of subunit aggregates may be caused 
by antibody binding. This might explain why a 
direct binding interaction between subunits 6 and 
CFO-I was detected by cross-linking [l 11 but not 
with the present method. 
To improve subunit reconstitution in future ex- 
periments, it is also advisable to renature the SDS- 
polypeptide complexes on gels prior to transfer on- 
to the nitrocell~ose filters in order to guarantee 
maximum renaturation as well as that protein 
binding to the support is caused by a minimum 
number of nitro groups only. 
However, despite the remaining problems, the 
present technique is thought to be generally ap- 
plicable for the investigation of stable binding in- 
teractions among subunits of multimeric proteins 
and, furthermore, of interactions of lipids, nucleic 
acids, metabolites, etc. with proteins. 
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